Magnetically controlled catheters and endoscopes can improve minimally invasive procedures as a result of their increased maneuverability when combined with modern magnetic steering systems. However, such systems have two distinct shortcomings: they require continuous information about the location of the instrument inside the human body and they rely on models that accurately capture the device behavior, which are difficult to obtain in realistic settings. To address both of these issues, we propose a control algorithm that continuously estimates a magnetic endoscope's response to changes in the actuating magnetic field. Experiments in a structured visual environment show that the control method is able to follow image based trajectories under different initial conditions with an average control error that measures 1.8 % of the trajectory length. The usefulness for medical procedures is demonstrated with a bronchoscopic inspection task. In a proof-of-concept study, a 2 mm diameter miniature camera endoscope of 2 mm diameter is navigated through an anatomically correct lung phantom in a clinician-controlled manner. This represents the first demonstration of controlled manipulation of a magnetic device without localization, which is critical for a wide range of medical procedures.
Introduction
Catheters and endoscopes are essential minimally-invasive tools in gastroenterology, bronchoscopy, urology, and cardiology. Their flexible structure allows clinicians to reach otherwise inaccessible sites and reduces the chance of injury when interacting with delicate anatomy. Robotic manipulation of these devices can increase their accuracy and access, leading to improved procedure outcomes. Further benefits of robotic medical procedures include input scaling, integration of sensor and imaging data, and tremor suppression [1] . Efforts to bring flexible robotic devices into medical practice are diverse [2] , the most headway having been made by tendon-actuated [3, 4] and magnetic systems [5, 6] .
Remote magnetic manipulation improves the dexterity of catheters and endoscopes by means of a magnetic field, which harmlessly permeates the patient's body, to navigate a magnetic minimally invasive device (see Figure 1 ). In this manner force and torque can be applied directly to the distal end without relying on force and torque transmission from the proximal end. This enables a precise tip manipulation and an explicit control over the stress applied to the surrounding tissue. Additionally, invasiveness can be reduced through smaller and more flexible devices, which trade tendon routing along the length for a small magnetic payload at the tip. 
Magnetic Control Methods
Thus far, control strategies for magnetic catheters and endoscopes have been relying on two fundamental components: a mechanical model, and continuous device localization. The model describes the momentary device configuration and is used to calculate the necessary magnetic inputs to perform a certain task, e.g. trajectory following. Mechanical models based on Euler-Bernoulli beam deflection [7, 8] or rigid link approximation [9] have been used for this purpose. Recently, more general models, based on Cosserat rod theory, have been developed that improve accuracy at the expense of a higher computational effort [10, 11] . In all cases an accurate description requires a detailed characterization of the system and the environment, which can be a major challenge in a clinical setting. Thus, continuous device localization is needed to compensate for modeling errors, preferably by observing the complete device shape in addition to magnet positions and orientations. Currently, the most advanced magnetic systems include additional localization equipment, be it through fluoroscopy [12] or electromagnetic induction [13, 14] . Both methods add to the complexity and cost of the systems, and each has a specific downside, i.e. radiation exposure and increased device size, respectively. Additionally, due to the flexible nature of the device, its kinematics can drastically change when in contact with tissue. In such scenarios, device localization alone can be insufficient to maintain control. Rather, the contact locations and forces need to be monitored and properly included into the respective model, which may prove technically infeasible under realistic manipulation conditions. In practice, these issues have severely limited the prevalence of magnetic manipulation in medical procedures. The single clinical application to date is the treatment of atrial fibrillation through tissue ablation within the heart [15] , where tissue contacts typically only occur at the device tip and device localization is already an integral part of the operation.
Model-free Control
In the area of tendon-actuated continuum robots these issues have prompted researchers to consider control methods that do not rely on exact mechanical models but can adapt to changing manipulation conditions. In [16] the inverse device kinematics were learned with a feed-forward neural network. This method was shown to outperform a model-based controller subject to minor model inaccuracies, but a relatively large data set is needed during learning, making it inadequate for capturing sudden changes in the manipulator behavior. Wang et al. used the visual feedback from a tip-mounted camera to adapt the parameters of their piecewise-constant curvature model, enabling it to handle distortions from physical constraints [17] . Yip et al. demonstrated hybrid position and force control where the manipulator Jacobian was estimated by comparing tendon actuation to tip motion measurements from a magnetic tracker [18] . Successful control on a phantom simulating a beating heart wall was shown while several physical constraints were acting along the robot's length.
Contributions
In this paper, we explore magnetic endoscope control that requires neither prior device or anatomical information nor continuous device localization. Our estimation-based method makes use of the visual feedback from the instrument, an essential part in any endoscopic procedure, to map clinician commands to the tool workspace. Instead of relying on a kinematic model, the differential kinematics of the system are constantly estimated by directly relating observed changes to the applied inputs, similarly to Yip et al. [18] and earlier work on visual servoing of robotic arms [19] . This results in a control method that continuously adapts to the underlying device configuration, enabling control in situations with an unknown relative magnetic field direction and unknown tissue contacts along the device. Rather than working on euclidean positions, our method works directly in image space, permitting the directed motion of the endoscopic camera view without the need of full 6-DOF visual odometry. In the experimental section, the performance of the control method is evaluated by following image plane trajectories with a custom miniature endoscope and reporting the respective openloop error. The method's usefulness for medical procedures is showcased with a proof-of-concept application in bronchoscopy. The presented lung phantom experiments demonstrate that, even in the presence of unknown tissue contacts, the achieved open-loop error is small enough to allow practical human-in-the-loop control of the endoscope.
Estimation-based Control
Magnetic steering systems operate by generating a magnetic field to manipulate a generally passive ferromagnetic probe within the human body. This field is either produced by large and movable permanent magnets or by applying currents to an arrangement of solenoids. Thoroughly modeled or empirically calibrated systems can set a precise field and gradient at any point within the workspace [20] . However, identifying the field sequence necessary to perform a certain task with the magnetic probe can be challenging and may require additional information.
For the purposes of this paper, we assume:
(1) The manipulated device is an endoscope equipped with either a camera or an optical fiber bundle and has one or more embedded permanent magnets. (2) The magnetic field to maneuver the endoscope is generated by a set of electromagnetic coils arranged around the patient's body as indicated in Figure 1 . (3) The endoscope may be inserted and retracted from the workspace by a motorized advancer or by the clinician.
Given a magnetic field B and the respective gradient
at the center of the workspace, the force F and torque T experienced by the magnet are given by
where M is the dipole-moment of the magnet. M captures the magnet properties, which are known, and the orientation of the magnet inside the magnetic field, which is not known. For magnetic endoscope control, an appropriate sequence of field shapes must be found, so that the induced force and torque cause the endoscope to move in a desired manner. How this goal task is defined will depend on the application. In many endoscopic procedures, such as bronchoscopy, reaching an exact 3D tip position and orientation in the workspace is of little practical value to a clinician, especially without pre-registration of the patient's anatomy. Instead, the ability to direct the endoscopic view, e.g. to focus on a visual target, is desired. Thus, it is more useful to define the goal task in terms of image motions. Specifically, we wish to control the translation u and w of the image center in image coordinates, indicated in Figure 2 , as is currently performed during clinical procedures in which the device can be manually bent to shift the endoscopic view. We propose a control method that estimates the complete interaction from the applied field, via device deformation, to the resulting image displacements in a single forward-kinematics function f that depends on the momentary state of the entire system. The differential kinematics of the system are recursively updated by relating system inputs to observed outputs. We restrict the inputs to the system by applying a magnetic field B at the center of the workspace that has a constant magnitude |B| max . This magnitude is chosen according to the maximum capabilities of the magnetic system, thus, the restriction does not limit the range of applicable torques to the device since the torque generated by any field B ′ with |B ′ | ≤ |B| max can also be generated by B with
With these simplifications the system is described as
where u and w are translations of the camera center in image coordinates and α 1 and α 2 are the intrinsic Euler angles that describe the heading of B (Figure 2 ). The differential system behavior can be approximated in a first order sense by a Jacobian matrix J with
This 2 × 2 Jacobian maps angular velocities of the field
which can be rewritten as
where
and X is the vector packing of J.
At each time step k a new inputα k is applied, forming C k , and a new measurement Y k = v m is generated from the visual feedback. The problem of recursively estimating X k in a least square sense can then be formulated in the state-space structure
where the additive process noise m accounts for changes in X over time and the additive measurement noise n accounts for errors between the actual and measured image changes. The distribution of the process noise m governs how quickly and in what manner we expect the kinematics to change. The distribution of the measurement noise n can be determined by comparing the feedback measurements to ground truth data.
Under the assumption of normally distributed noise terms m ∼ N (0, M ) and n ∼ N (0, N ), the Kalman filter finds the optimal expected value X k and variance Σ k at each time step, based on the previous estimate X k−1 , Σ k−1 and the current observation Y k [21] , with the process covariance M taking the role of the forgetting factor that discounts older observations in favor of newer onesΣ
Deviations from the assumption of Gaussian noise will cause the estimate to cease being optimal. We will, however, demonstrate that the quality remains satisfactory for control.
Having obtained the estimate for X k , and thus J k , a desired image motion v d can be mapped to control inputs:
where v d may be provided either by direct user input or by an outer control loop that is working to achieve a task in image space (Figure 2 ).
Visual Feedback
Reliable observations are key to the overall performance of the described estimation scheme. In particular, the measurements are required to be real-time, low noise, and robust to lighting and scene changes. We assume that the observed scene is static and any motion between subsequent images is caused by the change of the camera viewpoint, which we wish to identify. Endoscopic medical scenes typically lack distinct, relocatable features, which may cause standard visual odometry approaches, historically developed for indoor or outdoor scenes, to fail. Due to the limited video quality of our endoscope, a popular approach of matching extracted image features between consecutive images with a variety of standard descriptors did not work reliably. Instead, we first preprocess the image, i.e. greyscale conversion, noise reduction, histogram equalization, then extract SURF image features [22] to identify descriptive image locations and finally compute the respective optical flow at these locations. Using RANSAC to remove outliers [23] , a single affine transformation between subsequent images is then found as the least squares solution on the flow vectors. The final measurement Y k is the translation of the image center point under this affine transformation, where temporal block averaging is employed to reduce the effect of noise.
Demonstration
To validate the control method, experiments with a flexible miniature endoscope and a large-scale electromagnetic steering system were conducted. Due to the difficulty of measuring actual ground truth endoscope motion while performing navigation tasks through anatomical phantoms, we first quantify the open-loop performance in a structured visual environment, where ground truth data can be reconstructed. Next, we explored how this level of open-loop error translates to a practical endoscope manipulation task by using the method to navigate through a human lung phantom. The generic nature of both the estimation-based control algorithm and the visual feedback method allowed both tasks to be performed without any adjustment to the computer code. 
Setup
Our setup consists of an 8-coil magnetic manipulation system with associated power electronics, a motorized advancer, and a computer workstation, as described in [10] , along with a miniature endoscopic device (Figure 3) . The electromagnets are liquid cooled and arranged around a rectangular workspace with side lengths of 20, 30, and 50 cm. The system is capable of generating a relatively uniform magnetic field over the workspace in any direction with a maximum magnitude of 97 mT in the least favorable direction. The endoscope is a custom prototype with a design focused on a small device diameter, high flexibility, and sufficient magnetic volume. It consists of a commercial miniature CMOS camera (resolution: 250×250, AWAIBA NanEye), 4 permanent magnetic cubes (side length: 1 mm, NdFeB, HKCM Engineering), and 50 optical fibers for illumination (diameter: 50 µm, N.A.: 0.64, LiFaTeC GmbH). The flexible body is ensheathed in a silicone rubber tube (i.d.: 1 mm, o.d.: 2 mm, Reichelt Chemietechnik GmbH) and a halogen lamp is used to couple light through a focusing lens arrangement into the optical fibers at the proximal end. The complete device has a cross sectional diameter of 2 mm, a rigid tip length of 5.5 mm, and a flexible body length of 30 cm.
Structured Environment Experiments
The performance of the control method was quantified by measuring the open-loop error between a target trajectory in image coordinates and the actual image motion. For this purpose, the endoscope was placed in a box with inner walls covered in readily distinguishable visual markers [24] (Figure 4) . This permitted an accurate offline analysis of the true camera motion with standard feature matching methods. We report the average pixel distance error between the target trajectory and the measured camera motion as a percentage value of the total trajectory length. Normalization with respect to path length is necessary due to the accumulative nature of the error, with shorter trajectories automatically resulting in lower values. This image based error metric permits a quantification of the control method's performance that is relatively independent of the endoscope specifications. Figure 5 shows the performance on two different target trajectories, a circle and a square, each with a total length of 480 pixels and a total time of 3 minutes. The trajectories were chosen according to the maximum size that would still allow the full image trajectory to be visible from the initial camera view. For endoscopic control this constitutes a reasonable choice, since the aim of an operator is typically to navigate to some point within his or her view. The endoscope length was fixed at 8 cm, which guaranteed that the endoscope would not leave the workspace and approximately corresponds to the longest straight connection between bifurcations in the lung phantom used in subsequent experiments. To showcase the independence of the method with regard to device position and orientation, the trials were performed with different initial magnetic fields (see Table 1 ) and, thus, different initial endoscope deflections and visual scenes. The angle between the initial magnetic fields and the undeflected endoscope direction was chosen to not exceed 90 degrees, to exclude magnetic instability issues that can occur for large endoscope deflections without physical support. Prior to each trial, a sinusoidal field sequence was executed to seed the estimation-based controller with an initial Jacobian estimate. The momentary estimates of the two Jacobian matrix directions are indicated as vectors at various points along the trajectories in Figure 5 . The vectors display the effect on the camera image motion in units of 10pixel/rad that changing the individual Euler angles describing field direction are estimated to have. The trajectories were completed with average distance errors of 8.2 pixel for the circles and 8.8 pixel for the squares, which correspond to 1.7 % and 1.8 % of the path length, respectively (individual trajectory errors are given in Table 1 ). These values represent the basic control error of the method, which may be further reduced, if necessary, by providing outer-loop feedback control, e.g. through an operator in a human-in-the-loop application as described below. 
Trajectory

Bronchoscopic Inspection
The usefulness of estimation-based and localizationindependent magnetic control for endoscopes is showcased with preliminary navigation trials within a human lung phantom. Flexible bronchoscopy as a test case is of particular interest since accessing peripheral parts of the lung has received increasing attention in recent years, motivating the development of smaller and more flexible devices. Reliable magnetic control in bronchoscopic procedures would permit smaller device diameters and a reduced overall scope stiffness because the mechanical structures necessary for tendon wire control could be omitted. For this study, the initial position and heading direction of the endoscope was fixed, starting in the trachea just below the larynx and pointing down the bronchial tree. The endoscope was then navigated by a human operator that set the desired endoscope advancement speed and the desired image motions in u and w using a manual input device. The goal of the operator was to traverse the lung phantom (Trachea with 5th Generation Bronchi, SynDaver Labs) through different pathways, chosen in an ad hoc manner, to arrive at the 4th and 5th level bronchi (diameters ≈3 mm) where the phantom terminates. In this configuration the control method translated the desired image motions to magnetic field changes by using the current estimate of the Jacobian, while continuously updating this estimate based on the video feedback. During operation of the advancer, the estimation was paused to prevent the insertion intervals from negatively affecting the Jacobian estimate. Figure 6 shows the endoscope after traversing the lung phantom through two different pathways, with insertion depths of 22 and 23 cm, respectively. Alongside, several stills from the endoscopic view during the insertion are depicted. Videos of the insertion procedures are included as supplementary material and also showcase the dexterity at the bifurcation points. Magnetic control enabled a smooth insertion by providing the means to keep the endoscope centered in the lumen and to select a desired pathway at branching points. The continuous estimation of the kinematics allowed the operator to control the camera view directly without having to worry about the endoscope configuration. Three vectors are overlaid on the camera image in Figure 6 , with their origin at the image center. The red and green vectors show the momentary estimate for the Jacobian directions, displaying the effect of an Euler angle change on the camera motion in units of pixel/rad. The blue vector shows the joystick control input, displaying the desired camera motion in units of 10 −2 pixel/second. As can be seen by the changing Jacobian vectors, in both length and direction, the controller adjusts its internal estimates throughout the insertion procedure to account for changes in the manipulation conditions.
Discussion
The presented estimation-based algorithm allowed us to navigate a miniature endoscope along trajectories in image plane without the need to monitor its configuration or formulate a precise model. The local device kinematics were captured by continuously comparing the applied inputs to the visual feedback. The measured open-loop error can be attributed to estimation errors of the local Jacobian, which stem from errors in the visual processing as well as filtering delays. This open-loop error was small enough to be useful as an underlying control method during human-in-the loop control within the lung phantom.
The method's ability to adapt to different manipulation conditions was showcased both explicitly and implicitly. By performing image trajectories with different initial magnetic fields we show how the method can deal with the resulting range of endoscope deflections and device kinematics. By performing lung phantom navigation experiments we demonstrate how tissue contacts along the device length, different lighting and view conditions, as well as different total endoscope lengths can be captured well enough to permit practical control. The control method removes several obstacles that have so far limited magnetically guided tools to a small number of medical procedures. The method does not require detailed knowledge about either the position or the orientation of the device, the interactions with the environment, or the properties of the visual scene, while at the same time being computationally inexpensive and readily implementable. This approach shows promise for a number of medical applications where the benefits of magnetically guided endoscopes, namely smaller and more flexible devices, have so far been outweighed by these technical requirements.
The presented lung phantom experiments serve as a practical example of such a medical application and constitute an initial step towards magnetically controlled bronchoscopy. However, further device design and experimental validation is needed to understand the benefits and limitations of this approach. A systematic optimization of the magnetic endoscope to improve its performance, along with an analysis of possible navigation pathways through the bronchus is a valuable avenue of further research. At the same time, more realistic manipulation conditions need to be tested, most likely requiring in-vivo studies.
Conclusion
In this paper, a model-free method enabling the direct control of a flexible endoscope with an electromagnetic steering system was developed. The estimation-based method does not require position measurements of the tool or mechanical modeling, but instead works by continuously estimating the underlying differential kinematics based on changes in the endoscopic image. In trajectory following experiments on two different image-plane trajectories the control method achieved average errors of 1.7 % and 1.8 % of the path length, respectively.
The applicability of the method to a medically relevant setting was demonstrated by performing humancontrolled navigation trials in a lung phantom, where the control method allowed a direct mapping from operator commands to magnetic field actuation. A flexible miniature endoscope measuring 2 mm in diameter was navigated more than 20 cm deep from the trachea, past multiple bifurcations, into the peripheral bronchi.
